ir william halsted introduced a german-style residency training system with an emphasis on graded responsibility at Johns Hopkins Hospital in 1889. 1 This system remains the cornerstone of surgical training in North America more than a century later. However, advances in educational theory, as well as mounting pressures in the clinical environment, have led to questions about the reliance on this approach to teaching technical skills.
has to think about how to tie a square knot is much less likely to pick up on other teaching that transpires in the operating room than is the learner who has mastered this simple skill.
Ericsson has helped to elucidate the acquisition of expertise. 13, 14 Expert performance represents the highest level of skill acquisition and the final result of a gradual improvement in performance through extended experience in a given domain. According to Ericsson, most professionals reach a stable, average level of performance and maintain this status for the rest of their careers. In surgery, "experts" have been defined by Ericsson as experienced surgeons with consistently better outcomes than nonexperts. An extensive literature on the relationship of operative volume to clinical outcomes supports the hypothesis that practice is an important determinant of outcome 15 ; the literature also provides support for Ericsson's contention that many professionals probably do not attain true expertise. However, volume alone does not account for the skill level among practitioners, since variations in performance have been shown among surgeons with high and very high volumes. Deliberate practice is a critical process for the development of mastery or expertise. Ericsson argues that the number of hours spent in deliberate practice, rather than just hours spent in surgery, is an important determinant of the level of expertise. 13 Deliberate practice calls for the individual to focus on a defined task, typically identified by a teacher, to improve particular aspects of performance; it involves repeated practice along with coaching and immediate feedback on performance. The attained level of expertise has been shown to be closely related to time devoted to deliberate practice in the performance of expert musicians, chess players, and athletes. In the current model of surgical training, based primarily on apprenticeship, the opportunities for deliberate practice are rare. Operations are complex, and it is difficult to focus on one small component of the procedure.
In our opinion, in order to better plan instruction and assess the efficacy of curricular interventions, valid and reliable assessments of technical skills are needed. Evaluating performance in the operating room is difficult, 16 and most efforts have focused on techniques that standardize the assessment process outside the operating room. One such method is the Objective Structured Assessment of Technical Skills (OSATS), 17, 18 in which candidates perform a series of standardized surgical tasks on inanimate models under the direct observation of an expert. Examiners score candidates using two methods. The first is a taskspecific checklist consisting of 10 to 30 specific surgical maneuvers that have been deemed essential elements of the procedure. The second is a global rating form, which includes five to eight surgical behaviors, such as respect for tissues, economy of motion, and appropriate use of assistants. The validity and reliability of the OSATS are similar to those of the more traditional Objective Structured Clinical Examination (OSCE) and are acceptable for summative high-stakes evaluation purposes. [19] [20] [21] To date, we have created more than 40 OSATS stations; some examples are shown in Figure 1 .
Other methods of assessment include the McGill Inanimate System for Training and Evaluation of Laparoscopic Skills (MISTELS) 22 and the Imperial College Surgical Assessment Device (ICSAD). 23, 24 Developed at McGill University in Montreal, the MISTELS uses an inanimate box to simulate the generic skills needed in the performance of laparoscopic surgery. It has been shown to be a valid and reliable instrument for assessing laparoscopic skills. 22 The ICSAD, developed at Imperial College in London, tracks hand motion using sensors placed on the trainee's hands during procedures. This index has been shown to have good concordance with OSATS scores. Most surgical training programs make use of a variety of models, including inanimate models, virtual reality, live animals, and human cadavers, to simulate living human tissue and anatomy, as well as high-performance patient simulators for critical-incident and team training. Although human cadavers most closely approximate reality, their cost and limited availability, as well as the poor compliance of cadaveric tissue, limit their use. The use of live animals is also problematic because of ethical concerns, high costs, and the need for specialized facilities. In contrast, inanimate models are safe, reproducible, portable, readily available, and generally more cost-effective than animals or cadavers. Some of the advantages and disadvantages of various models are summarized in Table 2 .
Recent advances in virtual reality technology have demonstrated its potential for enhancing surgical skills training, and many virtual reality systems are now commercially available. Virtual reality provides the opportunity for very detailed feedback and may allow for more subtle measurement of trainee performance than is possible in the real world. 25 Measures of precision and accuracy as well as error rates can be calculated easily. 23, 25, 26 Two prospective trials have demonstrated that residents who have been trained on low-fidelity (not very lifelike) virtual reality models (laparoscopic box trainers) make fewer intraoperative errors when performing a laparoscopic cholecystectomy than do residents who have not had the benefit of simulation training. 27,28 High-fidelity (lifelike) virtual reality models are also avail- Examinees rotate through multiple stations, where they perform elements of surgical tasks and are graded by expert examiners using global rating forms and task-specific checklists. These examples are drawn from an "inventory" of more than 40 such stations.
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able for training in procedures such as colonoscopy and carotid artery stenting. 29 A Food and Drug Administration panel recently recommended the use of virtual reality simulation as an integral component of a training package for carotid artery stenting. 30 However, high-fidelity virtual reality comes at a price. As a general rule, the higher the fidelity and the more realistic the model, the more expensive the training tool. Further investigation will be required to determine whether such an investment is worthwhile. A large carotid artery stenting trial that is currently under way will help assess the effectiveness of high-fidelity virtual reality models in training experienced practitioners. 31 Fidelity may be less important at relatively junior levels of training. For example, when one group of medical students was trained with the use of a high-fidelity-video endoscopic urology system and another with the use of a simple bench model, the two groups showed the same improvement in performance and showed more improvement than the control group (given didactic training). 32 Likewise, among first-year surgical residents, improvement in performance for a variety of open procedures has been shown to be the same whether low-fidelity bench models or cadavers are used, 33 and residents working with a simple Silastic tubing model performed similarly to those working with the vas deferens of a live rat. 34 What about the overall effectiveness of ex vivo surgical skills training? To date, the evidence for transfer to the operating room is stronger for minimally invasive surgery than for more traditional open procedures. In a series of experiments involving more than 200 surgeons and trainees, practice on a physical laparoscopic simulator led to the acquisition of skills that were transferable to complex laparoscopic tasks such as suturing. 22 Similarly, second-and third-year residents who received formal training on a physical laparoscopic simulator had a significantly greater improvement in video-trainer scores and global assessments of performance of a laparoscopic cholecystectomy than did residents who had no simulator training. 35 The transfer of skills learned on virtual reality laparoscopic simulators has also been encouraging. Residents who received virtual reality training performed the dissection more quickly, made fewer errors, and had higher economy-of-movement scores during a laparoscopic cholecystectomy than did residents without such training. 27, 28 Taken together, these studies strongly suggest that ex vivo laparoscopic training leads to detectable benefits for learners in clinical settings.
However, it remains unclear whether the improvement in performance after ex vivo training is durable. One study, by Grober and colleagues, 36 showed a durable positive effect of bench-model training in the task of microvascular anastomosis. In contrast, Sedlack and Kolars 37 found an initial positive effect of virtual reality training in colonoscopy. However, in this high-volume unit, where fellows were performing approximately 15 colonoscopies per week, fellows who were trained with virtual reality models performed similarly to those who were not after a threshold of 30 procedures. Nonetheless, one could argue that whereas the advantages of training on a simulator may be limited to early procedural experience, the enhanced early learning curve may allow educators to be more efficient with their time. Virtual reality has the potential to enhance surgical-team training as well as technical skills training. In aviation, teamwork training with simulation has been instrumental in reducing errors. 38, 39 The importance of teamwork in preventing medical error is well recognized, and simulator-based team training has been advocated as a possible preventive approach. Early research results have been promising. Simulator-based trauma-team training has been associated with enhanced performance. 40 Task completion and simulated survival rates have improved after emergency-team training on a simulator. 41 Simulator-based training for crisis management in anesthesia, both for individuals and for teams, has been shown to be effective, 42 and simulated operating room environments are being assessed for training in both technical skills and teamwork. 43 In summary, the report card on simulation, while not definitively positive, does suggest that it is an important addition to the training arsenal. The effectiveness of simulation training has been demonstrated primarily for lower-level learners, 27, 28, [32] [33] [34] with a positive effect demonstrated for both laparoscopic 27, 28, 35 and open 33,34 procedures. Results to date have not been validated in large-scale studies, however, and additional research demonstrating the generalizability of findings across institutions is required. Additional research on simulation training for more senior learners, and for surgeons in practice, is needed. Further work is also needed to address important motor-learning issues, such as whether it is preferable to practice whole operations or to practice segments of operations and then build the whole from the segments, what practice schedules are optimal, and how to optimize the transfer of skills to the operating room. Simulator-based skills training is a relatively new area of research, and we are only beginning to build our knowledge in this domain.
As computing power expands and the cost of simulation equipment falls, it is likely that most, if not all, surgical training programs will be devoting substantial curricular time to simulatorbased training. Increasing evidence of the efficacy of ex vivo training, coupled with societal pressure, will probably mean that future residents will need to demonstrate proficiency in basic techniques before being allowed to operate on patients.
With these and other changes in the wind, surgical educators will need to incorporate meaningful assessment into residency programs, using rigorous, reliable, and regular means of assessment for all relevant surgical skills. Tools with the requisite levels of reliability and validity for summative assessment include the OSATS and MISTELS programs. For example, the MISTELS program might be used to assess a resident's performance of basic laparoscopic skills. A requisite level of performance would be required before the resident would be allowed to perform a laparoscopic cholecystectomy. Similarly, OSATS stations could be used for open surgery. Residents would thus be trained in the laboratory until preset criteria had been met and would only then be allowed to participate in the graduated performance of procedures in patients. Competence-based advancement, rather than time served, would become standard in surgical training.
One of the challenges of a competence-based system of education and assessment that has received little attention is how to establish pass or fail standards for the performance of technical skills. This is a major deficit in the assessment literature that will require attention if a criterionbased system is implemented or if certification of technical ability is required before licensure. Given the advances in technology and the accruing evidence of their effectiveness, now is the time to take stock of the changes we can and must make to improve the assessment and training of surgeons in the future.
